This study reveals that, in strong coulomb coupling regime, bending a straight and fully overcharged DNA (up to its 'maximal acceptance' by multivalent cations) to a circle releases some of the adsorbed (correlated) cations but still remains fully overcharged. This phenomenon seems to be inherent to the minimum energy state of a DNA. By definition, the total electrostatic potential energy of a macroion-counterion system reaches to its lowest point at maximal acceptance of overcharging counterions that ensures the most stable conformation. This intermediate phenomenon of release of cations from DNA surface due to bending can be taken into account in theoretical modeling of some ionic concentration dependent physico-chemical aspects of DNA solutions in strong Coulomb coupling regimes.
Introduction
The counterintuitive phenomenon of charge reversal or overcharging of charged macroions in solutions containing counterions is an experimental fact [1] [2] [3] .
Theoretical and computational approaches explaining the phenomenon are abundant in literature [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . It is understood that under specific solution conditions overcharging is a natural phenomenon. The dominant driving mechanism for overcharging is the special correlation which builds up among the counterions attached with the oppositely charged macroion surface. These counterions are then no longer free to move in solution. Due to this correlation counterions can accumulate on the macroion surface in such an amount whose total charge exceeds the bare charge of the macroion. The dielectric constant of the solution is one of the important factors that control the efficiency of overcharging. The total electrostatic potential energy among charges depends basically on the dielectric constant. Solution with low dielectric constant is generally termed as strong Coulomb coupling where the total electrostatic potential energy can be much higher than thermal energy. In other words, the strength of Coulomb coupling depends on the value of Bjerrum length ݈ defined as , where ߝ is the dielectric constant and T is absolute temperature. Even though the dielectric constant is a characteristic of a pure solvent it can be decreased by mixing with other compounds such as ethanol [27] . For the present study a fixed temperature of 275 K and a dielectric constant of 20 of the solvent (water solution with ethanol and counterions with no added salt) has been considered ( B l ~ 3.04 nm) [24] . This solution condition can also maintain the strong Coulomb coupling environment in liquid water. 
Model and Simulation Methods
The system considered in this study is comprised of a cylinder ( , where n is the total number of such points. This has been considered instead of a continuous line charge (Manning conception) [30] to facilitate the calculations by avoiding frequent solutions of generally non-complete elliptic integrals [24] . To calculate the total minimized electrostatic energy a previously developed [5] ) of closest approach. This is an intrinsic requisite of the technique. This condition is also required to maintain the environment of strong Coulomb coupling [20, 21] . As the macroion has been considered as hard core the Lennard-Jones potential calculations are not required for this study. Note that it has been shown earlier [5] For the purpose of the present study, a straight cylinder has been considered at first and the total minimized energy (counterion-counterion plus counterionmacroion for a certain Z c ) has been calculated at its neutral state. Then the overcharging has been performed for N max +1 number of additional counterions, where N max is termed as 'maximal acceptance' which is the number of counterions that yields the lowest energy (see figure 5) . Next, the cylinder has been bent a little to an arc of a circle and the minimized energy has been measured by the same way as in the case of the straight cylinder. The process of bending continues until the cylinder forms a circle. In each step of bending (fr) a curve (like figure 5) is achieved which consists of a set of points (degrees of overcharging) ranging from zero (neutral) to N max +1. These are termed as overcharging curves.
The bending fraction 'fr' is defined as
where R is the radius of curvature. Obviously 'fr' can take up any value between zero and two. Figure 1 depicts the process of bending.
The total electrostatic energy of the counterion-macroion system reads,
where r ε is the relative permittivity, ij τ is the distance between any counterion i and a point macroion charge j and ij r is the separation between any two counterions i and j. n varies as N o ≤ ݊ ≤ ܰ ௫ + 1. Where N o is the neutral state counterion number. Equation 1 can be written as
It is worth to mention that the relative permittivity of the cylinder mimicking the c-DNA has been considered identical to that of its out side (the surrounding counterions) to avoid image charge problems. The Bjerrum lelgth has been taken as 30.38 Ǻ all over the study. As the simulation technique converges significantly rapidly, around 300,000 moves per counterion is sufficient to reach very close to the lowest possible energy state.
Modified Scatchard Model
A simple theoretical model to fit the simulation data for all geometries has been proposed by modifying [4] the Scatchard [28] approach, which employs average interactions. For the macroion complexes (with N counterions) of any geometry, the average interaction can be expressed as
where ܰ = ܰ + ݊, ܰ = ܼ ܼ ൗ and n is the overcharging counterions. ‫〉ܥ〈‬ and ‫〉ܯ〈‬ represent average counterion-counterion and counterion-macroion energy functions. The above equation can be expressed in quadratic form in terms of n as
where
The energy difference between a neutral complex and an overcharged on is
Using the first overcharge ‫ܧ∆‬ ଵ from the simulation data, ‫ܥ〈‬ 〉 can be calculated from the above equation as
Thus from (5) and (6) 
Thus from equation (10) ݊ ௫ can be calculated from the fit parameter X. The nearest integer of ݊ ௫ is the 'maximal acceptance'.
Results and discussion
The overcharging curves (OC) for multivalent counterions are shown in with the simulation data given in table 2. The distribution patterns of multivalent counterions on curved overcharged macroions (
) at their maximal acceptances are shown in figure 6 , where, the helical patterns are still obvious. It has been observed that for multivalent counterion distributions, there is hardly any tangible change in the usual helical distribution of the counterions due to either any degrees of the bending from a straight cylinder up to its circular form or overcharging up to its maximal acceptance N max . After energy minimization always the counterions arrange themselves in helical patterns. The multivalent counterion distribution patterns on the complete circular form of the overcharged DNAs are shown in figure 7 for all valences. As stated earlier, one can see that the maximal acceptances here are somewhat different from those of figure 5 for their respective valances. These are summarized in table 2. The helical patterns are still present. 
Electrostatic Ring Closure Energy
Kunze and Netz [30] (and later employed by others [31, 32] ρ is the bulk concentration of monovalent counterion species and ij r is the distance between either a counterion and a macroion point charge or a counterion and another counterion. But in case of strong Coulomb coupling this mean field approach is not applicable as the electrostatic interaction is much stronger than thermal energy.
The difference of the pure Coulomb energy (per unit T k B ) is given by [30] [12] Where τ is the line charge density and L is the length of the line charge so that It has been seen before [24] that the Coulomb part of the 'ring closer energy' ‫ܧ∆‬ ௨ remained almost unchanged with the change of counterion valance for neutral cases (without overcharging). But in case of overcharging when maximal acceptances are considered for both straight and its circular shapes, it varies a little with overcharging counterion valance. The last column of table 2 shows the values of ‫ܧ∆‬ ௨ ݅݊ ‫ݏ݉ݎݑݐ‬ ‫݂‬ ݈ (= 30. 34 Å).
Concluding remarks
The goal of this paper is to shed light on a so far un-noticed phenomenon of cationic DNA solution in strong Coulomb coupling regime which can have subtle impact on the physico-chemical picture of interactions among DNAs and its solution. It is an experimental fact that highly charged biomolecules become naturally overcharged in cationic solutions. In this study it has been found that in strong Coulomb coupling environment when overcharged DNAs assume circular morphology some of the cations can get rid of their surfaces (leaving the DNA fully overcharged). This occurs because of energy minimization. The bent morphology of DNAs is energetically more favorable than its straight form. The freed cations then return to the solution and increase the cationic concentration of the solution. The number of freed cations varies with valance. The divalent and trivalent cations are found to be more prone to get rid off the overcharged DNA than tetravalent. Cationic solution concentration, therefore, can be appreciably high if the DNA concentration is significant and if the cations are divalent or trivalent. The increase in cationic concentration can enhance or even introduce a number of events in the solution. For example, the precipitation or reentrance of DNA [34, 35, 36] in cationic solution depends on specific concentration of added cations. Since static dielectric constant depends on ionic strength [36, 37, 38, 39] and electrostatic interaction is inversely proportional to dielectric constant, the increase in cationic concentration due to bending of DNA can reduce electrostatic attraction among precipitated DNAs to reenter into the solution. Increase of cationic concentration due to bending is an intermediate picture which can be considered in analytical models to explain some of the ionic concentration dependent features like the above one and similar others.
It has also been observed that the maximal acceptance varies with the amount of bending. For tetravalent cations only one ion gets rid of the DNA surface when the DNA bends to at least half cycle. While for divalent the same happens when the DNA is almost a circle and finally two ions leave the surface when the DNA is a complete cycle. But in case of trivalent one counterion gets freed at the very beginning of bending and finally leaves two when the DNA bends to a complete cycle. Thus, this study indicates a new phenomenon of possibility of enhancement of cationic concentration of a DNA solution that depends on the amount of DNA bending and valance of cations.
A simple and straightforward theoretical model (namely modified Sctchard approach) yields results which are in excellent agreement with all the simulation outputs. It confirms the accuracy of the calculations.
